This review discusses novel studies in the past year that have examined the use of combinations of multiple markers to improve risk prediction in the setting of chronic kidney disease (CKD). We will focus on multimarker panels to: improve prediction of CKD onset; improve classification of CKD and risk stratification of persons with CKD; and develop individual-level risk scores for progression to end-stage renal disease (ESRD).
INTRODUCTION
Risk stratification in epidemiology, at its essence, refers to the use of available information to estimate future risk for adverse health outcomes. Perhaps the best known example is the Framingham Risk Score, a tool that has been fundamental in implementing strategies for prevention and treatment of cardiovascular disease [1, 2] . Risk stratification models also exist for liver disease and death in hospitalized persons, among others [3, 4] . A common feature of these models is the combination of multiple biomarkers with demographic and clinical characteristics to predict future health associated risks. Using multiple markers to predict adverse outcomes related to chronic kidney disease (CKD) has only recently gained traction, as epidemiological studies relied primarily on serum creatinine for decades. In this review, we discuss key developments in the past year that have examined the use of multiple biomarkers to: improve prediction of the onset of CKD; improve classification of CKD and risk stratification of persons with CKD for death, cardiovascular events, and end-stage renal disease (ESRD); and develop individual-level risk scores for progression from CKD to ESRD.
Several metrics can be used to investigate whether a new biomarker or set of biomarkers may be useful in risk prediction. A traditional approach is to investigate the association of a novel biomarker with adverse events using regression models and estimating relative risks, hazard ratios, and so on. A second approach, which is the subject of this review, is to use metrics that evaluate whether a biomarker or set of biomarkers can improve prediction of risk beyond established factors. Some understanding of this methodology will be useful for the reader, but a thorough explanation is beyond the scope of this review. Briefly, two of the most commonly used methods include evaluation of improvement in the concordance statistic (C statistic) and estimation of net reclassification improvement (NRI). The C statistic is designed to quantify how well a model discriminates between persons who do and do not have an event, and it ranges from 0.5 (no better than chance) to 1.0 (perfect). The NRI is a tool that quantifies the improvement in risk prediction for individuals who are reclassified (moving into higher or lower risk groups) after addition of a new biomarker(s) [5] . In-depth reviews useful for clinicians have been previously published [5,6 & ].
TRADITIONAL USE OF BIOMARKERS IN NEPHROLOGY
The standard biomarker for assessing kidney function in clinical practice has been serum creatinine. In the last two decades, equations to estimate glomerular filtration rate (eGFR) from serum creatinine have been developed and improved [7, 8] . The level of eGFR has been shown to be independently associated with risk of death, cardiovascular disease, and progression to ESRD [9] . Guidelines have adopted the use of two biomarkers to define CKD, namely as either an eGFR less than 60 ml/min per 1.73 m 2 or an albumin-to-creatinine ratio (ACR) of at least 30 mg/g [10] . More recently, eGFR and ACR have been increasingly recognized as independent and complementary markers in the prediction of death, cardiovascular disease, and progression to ESRD. The Chronic Kidney Disease Prognosis Consortium (CKDPC) recently showed that eGFR and ACR are both independent and additive risk factors for death [11 & ]. The independent association of eGFR and proteinuria with adverse outcomes has also been shown in other studies [12] [13] [14] . Thus, upcoming Kidney Disease: Improving Global Outcomes (KDIGO) guidelines will suggest the use of both eGFR and ACR to diagnose and classify CKD. In this review, we will highlight recent studies that have explored novel panels of biomarkers beyond creatinine-based eGFR and ACR to improve risk prediction in CKD.
MULTIMARKER APPROACH TO PREDICT INCIDENT CHRONIC KIDNEY DISEASE
Understanding risk factors for the onset of CKD has been an important development in CKD epidemiology. Factors such as age, hypertension, and diabetes have been well established, but do not fully capture persons at risk for CKD [15] . Fox et al. [16 && ] recently assessed whether serum biomarkers, selected based on their associations with cardiovascular disease, were associated with the development of CKD (defined as eGFR<60 ml/min per 1.73 m 2 ) or microalbuminuria [defined as urine ACR25 (women) or 17 mg/g (men) on spot urine samples]. This study included 2345 individuals without CKD and 1822 without microalbuminuria from the Framingham Offspring Study, who were followed over a mean of 9.5 years. Authors studied the association of the candidate biomarkers aldosterone, plasma renin concentration, B-type natriuretic peptide (BNP), C-reactive protein, plasminogen activator inhibitor-1, fibrinogen, and plasma total homocysteine (and the entire biomarker panel) with incident CKD or incident microalbuminuria. After adjustment for demographic, clinical factors, and baseline eGFR (for incident CKD) or baseline log urine ACR (for incident microalbuminuria), homocysteine and aldosterone were associated with incident CKD, whereas aldosterone, BNP, and homocysteine were associated with incident microalbuminuria. Results are shown in Table 1 , as reproduced from the original article [16 && ]. Next, they assessed the ability of these biomarkers to improve risk discrimination using the C statistic and the NRI. For incident CKD, the C statistic changed from 0.810 to 0.822 (P ¼ 0.0023 for difference) after addition of the biomarkers. For incident microalbuminuria, the addition of biomarkers increased the C statistic from 0.732 to 0.748 (P ¼ 0.003 for difference). NRIs were 6.9% (P ¼ 0.0004 for incident CKD and P ¼ 0.007 for incident microalbuminuria) for both outcomes.
We find these results intriguing, and they may generate hypotheses on the pathophysiology of renal disease. However, it is unclear how they may be useful in clinical practice. These biomarkers are not normally available, and there was only a modest improvement in the C statistic and in the NRI [16 && ]. Some important methodological limitations should be noted, namely that the prevalence
KEY POINTS
Using combinations of multiple markers can improve classification and risk stratification in chronic kidney disease beyond serum creatinine and albumin-tocreatinine ratio.
A multimarker approach to the detection and progression of disease is applicable for a wide variety of adverse outcomes.
Future research is needed on applying the concept of multimarker panels in other groups, such as race/ethnic minorities, the very elderly, and a wider range of estimated glomerular filtration rate.
of microalbuminuria was quite low at baseline and ACR did not enter the models for incident CKD, although it is known to be one of the most important risk factors for incident stage 3 CKD [17] . The use of backward elimination does not completely address the issue of multiple testing. Future studies would be required to replicate these findings.
MULTIMARKER APPROACH FOR CHRONIC KIDNEY DISEASE CLASSIFICATION AND RISK STRATIFICATION FOR DEATH, HEART FAILURE, CARDIOVASCULAR DISEASE, AND END-STAGE RENAL DISEASE
Our group has evaluated whether adding cystatin C-based eGFR (eGFRcys) to creatinine-based eGFR (eGFRcreat) and ACR can improve classification and risk stratification for CKD [18 && ]. Cystatin C is an alternative marker of kidney function, which has been shown to have stronger and more linear associations with death and cardiovascular events than creatinine [19] . It is thought to be less influenced by muscle mass, race, and age compared with creatinine [20] . We hypothesized that using two endogenous filtration markers that may have different non-GFR determinants would improve classification and risk stratification in CKD.
In our first analyses [18 && ], we included 6749 participants from the Multi-Ethnic Study of Atherosclerosis (MESA) and 5160 persons from the Cardiovascular Health Study (CHS). MESA is a racially diverse cohort study sponsored by the National Institutes of Health to investigate early cardiovascular disease. CHS is a community-based longitudinal study evaluating risk factors for the development and progression of cardiovascular disease. We estimated eGFRcreat and eGFRcys using equations from the CKD Epidemiology group [8, 21] and then classified persons into four mutually exclusive categories: no CKD (eGFRcreat >60 ml/min per 1.73 m 2 and eGFRcys >60 ml/min per 1.73 m 2 ), CKD by creatinine only (eGFRcreat <60 ml/min per 1.73 m 2 and eGFRcys >60 ml/min per 1.73 m 2 ), CKD by cystatin C only (eGFRcreat >60 ml/min per 1.73 m 2 and eGFRcys <60 ml/min per 1.73 m 2 ), and CKD by both (eGFRcreat <60 ml/ min per 1.73 m 2 and eGFRcys <60 ml/min per 1.73 m 2 ). We examined the association of each category with risk for all-cause mortality, cardiovascular events, heart failure, and kidney failure [18 && ]. In our study, 79% were categorized as no CKD by both, 10% as CKD by creatinine only, 3% as CKD by cystatin C only, and 8% as CKD by both markers. Persons identified as CKD by both had the highest risk for all outcomes, followed by persons identified as CKD by cystatin C but not creatinine (CKD by cystatin C only). Interestingly, persons classified as CKD by creatinine but not confirmed by cystatin C were at similar risk for death, CVD, heart failure, and slightly higher ESRD risk compared with persons with no CKD ( ]. We concluded that eGFRcys can improve risk stratification for CKD by identifying persons at high risk among those labeled as CKD by creatinine. Moreover, cystatin C identified persons at high risk for adverse events that were missed by creatinine. In this study, we were limited by the lack of baseline measures of albuminuria in the CHS (in which a large majority of the outcomes occurred). Although a sensitivity analysis using data from the year 7 CHS visit had similar results, this remains an important limitation. Furthermore, this study did not have measured GFR; however, this is not feasible in large, epidemiological studies.
In a follow-up study, our group investigated whether using a multimarker panel of creatinine, cystatin C, and ACR to classify CKD can improve risk stratification for death and ESRD compared with creatinine alone among 26 643 participants in the Reasons for Geographic and Racial Differences in Stroke (REGARDS) study [22 && ]. REGARDS is a large, population-based cohort study designed to identify factors contributing to excess stroke mortality in the 'stroke belt' of the United States, as well as the excess stroke risk of black Americans [23] . For these analyses, we categorized persons into eight mutually exclusive CKD groups defined by eGFRcreat ( or <60 ml/min per 1.73 m 2 ), eGFRcys ( or <60 ml/ min per 1.73 m 2 ), and ACR ( or <30 mg/g). Over a median follow-up of 4.6 years, 1940 participants died and 177 developed ESRD. We found that participants with CKD by all three measures had the highest risk for death and ESRD. Among persons initially classified as having CKD by creatinine, persons who had their CKD confirmed by ACR or cystatin C were at elevated risk for death and ESRD. Among persons without CKD by creatinine, ACR and cystatin C identified different subgroups of persons who were also at increased risk. In fact, persons with CKD by cystatin C and ACR were the second highest risk group for ESRD ( Table 3 , ]. a Adjusted for age, race, and sex. b Adjusted for age, race, sex, diabetes, hypertension, LDL, HDL, CRP, and prevalent CVD for CHS (persons with baseline CVD were excluded for incident CVD analyses). c Two hundred twenty-three deaths for MESA and 3345 deaths for CHS. d Two hundred twelve events for MESA and 2249 events for CHS. e One thousand four hundred seven events for CHS. f Eighty four events for CHS. Fig. 1 ) [22 && ]. We estimated the reclassification improvement after adding cystatin C and found that the NRI for mortality was 13 and 6.4% for ESRD.
We believe these findings support the notion that a multimarker renal panel that includes ACR and cystatin C improves detection, classification, and risk stratification for CKD compared with creatinine alone. Certain limitations need to be considered. We only had one measurement of the biomarkers, including albuminuria, which is known to have important variability in repeated measures, thus resulting in potential misclassification. Furthermore, the follow-up time for ESRD was short, limiting power for event rates. As cystatin C has become easy and relatively inexpensive to measure, we believe its use should be considered in clinical practice to estimate GFR, particularly when creatinine-based measures may be most inaccurate (i.e., elderly, unpredictable muscle mass). Future studies are needed to understand the cost-effectiveness of a multimarker approach for CKD confirmation and for CKD detection in clinical practice.
USE OF MULTIPLE MARKERS FOR ESTIMATING INDIVIDUAL RISK FOR CHRONIC KIDNEY DISEASE PROGRESSION
Multimarker approaches have also been used to predict individual risk for progression from CKD to ESRD. An individual risk score allows determination of each person's risk of an event (which must be distinguished from reported population risks).
Tangri et al. [24 && ] used demographic, clinical, and laboratory data from 2001 to 2008 in two Canadian CKD cohorts to develop and validate a prediction model for CKD progression to kidney failure (dialysis or transplantation). The two cohorts were composed of individuals with stages 3-5 CKD who were referred to nephrology clinics. Cox proportional hazards regression was used to develop prediction models, testing candidate variables ascertained from the electronic medical records. Using the C statistic, NRI, and other methods, authors determined goodness of fit, discrimination, and calibration for the models. Of seven models, the most accurate model had the following variables: age, sex, baseline eGFR, ACR, serum calcium, phosphate, bicarbonate, and albumin. Using this model, the C statistic was 0.917 for the development cohort and 0.841 for the validation cohort, whereas the NRI for the validation cohort was 50.4 and 8.0% (compared with simpler models) for CKD stage 3.
We believe this study is particularly novel and has direct application to the clinical setting because the included markers are typically already available in a nephrology clinic. In fact, an online calculator for kidney failure risk can be found free online at http://jama.ama-assn.org/content/early/2011/04/ 05/jama.2011.451/suppl/DC2. The clinician can impute the variables and the model will estimate the person's risk for kidney failure at 5 years. The study has the particular strength of having a large dataset and deriving a highly accurate model that is easily used. However, one must note that the model is still largely driven by age, baseline eGFR, and ACR. Moreover, participants included were already referred to nephrology and, thus, the model may not be applicable for general practice. The main limitation of this study, in our view, is the inability to estimate risk of death versus risk for kidney failure. Several studies have shown that persons with CKD are more likely to die than to develop ESRD [9] , so this information may be critical for dialysis planning. However, this study represents an important development in the use of multimarker renal panels in nephrology.
CONCLUSION
The studies highlighted here have all made important gains in using novel approaches to CKD research and translation into clinical practice. We consider these four articles as seminal reports because they have pioneered a paradigm shift, illustrating that a 'renal panel' is likely to be more useful in the clinical setting than relying on serum creatinine alone (or even in combination with ACR). However, there is much to be done, as the 'optimal' renal panel remains unknown. It is likely that the biomarkers included in the 'optimal' panel will vary depending on the outcome of interest, whether the panel is used for screening versus prognosis in established/ diagnosed CKD or even the population in which it is used.
Therefore, many possible future directions remain to further develop this field. First, findings from the above studies need to be replicated in different populations, such as those of different ethnicities, ages, and eGFR ranges. Recent interest has been focused on the prediction of CKD. Novel biomarkers initially discovered to be elevated in the setting of acute kidney injury are now being studied as predictors for incident CKD [25, 26] . Some of these biomarkers have also been studied as predictors of CKD progression [27] . Another avenue could be the addition of genetic markers to the panels, several of which have been recently identified [28,29,30 & ]. Future studies should evaluate whether genetic markers can add to risk prediction, as has been done in recent cardiovascular research [31] . Research in this direction is promising for the development of multimarker approaches to the detection of CKD, as well as for elucidating the associations of biomarkers with different pathways of kidney injury.
As discovery in this field advances, we must also consider the cost utility and efficacy of different multimarker approaches and decide, as a community, where efforts are most effective to reduce CKD burden. We believe that the remaining 'elephant in the room' will continue to be the paucity of data on screening for CKD. Thus, a priority for future directions should be to evaluate these biomarkers in targeted screening strategies, as universal screening is unlikely to be cost-effective. Although this is a relatively new field, we believe developments will result in improvements in multimarker approaches for the prevention, detection, and risk stratification of individuals at high risk for developing the disease and its complications.
